Hypoxia is an important factor that elicits numerous physiological and pathological responses. One of the major gene expression programs triggered by hypoxia is mediated through hypoxia-responsive transcription factor hypoxia-inducible factor 1 (HIF-1). Here, we report the identification and cloning of a novel HIF-1-responsive gene, designated RTP801. Its strong up-regulation by hypoxia was detected both in vitro and in vivo in an animal model of ischemic stroke. When induced from a tetracycline-repressible promoter, RTP801 protected MCF7 and PC12 cells from hypoxia in glucose-free medium and from H 2 O 2 -triggered apoptosis via a dramatic reduction in the generation of reactive oxygen species. However, expression of RTP801 appeared toxic for nondividing neuron-like PC12 cells and increased their sensitivity to ischemic injury and oxidative stress. Liposomal delivery of RTP801 cDNA to mouse lungs also resulted in massive cell death. Thus, the biological effect of RTP801 overexpression depends on the cell context and may be either protecting or detrimental for cells under conditions of oxidative or ischemic stresses. Altogether, the data suggest a complex type of involvement of RTP801 in the pathogenesis of ischemic diseases.
Oxygen is an essential factor for viability and normal function of living organisms, and its level is closely monitored by intracellular mechanisms. Under hypoxic conditions, oxygensensing machinery activates a transcription factor known as hypoxia-inducible factor 1 (HIF-1). This factor switches on a series of genes participating in compensatory mechanisms that support cell survival in a potentially lethal microenvironment. One group of HIF-1 target genes involved in the adaptive response facilitates O 2 delivery to oxygen-deprived tissues. It includes, e.g., genes coding for erythropoietin (stimulates production of erythrocytes), heme-oxygenase 1 (mediates O 2 binding to heme), vascular endothelial growth factor (VEGF; triggers new vasculature formation), and inducible nitric oxide synthase (participates in local blood vessel dilation) (25, 27, 29, 32, 41) . Another group of HIF-1-dependent genes acts to compensate for the inhibition of oxidative phosphorylation that occurs when oxygen is lacking. It includes genes coding for glycolytic enzymes (e.g., lactate dehydrogenase [LDH] , phosphoglyceromutase, and others) and for glucose transporters (e.g., Glut1) (11a, 13, 40) .
Prolonged oxygen deprivation is detrimental for cells and may result in their death through either apoptotic or necrotic mechanisms (reviewed in reference 28). Paradoxically, like the adaptive response to hypoxia, hypoxia-dependent apoptosis was shown to be HIF-1 dependent. Cells with genetically deleted HIF-1␣ appeared to be resistant to hypoxia-triggered apoptosis (6) . Moreover, HIF-1␣ was demonstrated to mediate hypoxia-induced delayed neuronal death in a stroke model (15) . While HIF-1-dependent genes participating in the adaptive response to hypoxia are widely characterized, genes mediating its proapoptotic function remain largely unknown. One of the proapoptotic genes, Nip3, was only recently characterized as HIF-1 dependent (5) .
Since alterations in gene expression caused by hypoxia underlie the pathogenesis of several major diseases (i.e., stroke, cancer, myocardial infarction, and retinopathy), we were interested in the identification of novel hypoxia-responsive genes, regardless of whether they participate in the adaptive or in the apoptotic response. This task was tackled by employing a microarray hybridization technique to investigate the hypoxiadependent gene expression in rat glioma C6 cells. Several previous studies demonstrating a potent HIF-1 response in C6 cells supported the choice of this cell system (10, 18) .
Here, we report the identification and cloning of a novel HIF-1-dependent gene, RTP801. This gene is ubiquitously expressed in multiple human tissues at low levels. However, in response to hypoxia its transcription is rapidly and sharply increased both in vitro and in vivo. Inducible overexpression of RTP801 promoted the apoptotic death of differentiated neuronal PC12 cells and led to their sensitization to hypoxic and oxidative stress. Similarly, liposomal delivery of RTP801 to mouse lungs resulted in apoptosis of parenchymal cells. However, inducible overexpression of RTP801 in dividing PC12 and MCF7 breast carcinoma cells made them resistant to both hypoxia and H 2 O 2 -induced apoptosis via dramatic suppression of the treatment-induced increase in the intracellular concentration of reactive oxygen species (ROS). Thus, like HIF-1 itself, RTP801 possesses both pro-and antiapoptotic activities depending on the cell context.
MATERIALS AND METHODS
Cell culture. C6 rat glioma cells and MCF7-Tet-Off (Clontech) human epithelial breast carcinoma cells were maintained in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal calf serum (Gibco-BRL), 20 U of penicillin/ml, and 20 g of streptomycin/ml. Neomycin (100 g/ml) was also added to the latter cell type.
PC12 Tet-Off (Clontech) rat pheochromocytoma cells were maintained in DMEM supplemented with 8% fetal calf serum, 8% horse serum (HyClone), 20 U of penicillin/ml, 20 g of streptomycin/ml, and 100 g of neomycin/ml.
Plasmids. The pcDNA3-RTP801 construct was prepared by subcloning the open reading frame (ORF) of human RTP801 cDNA (nucleotides 216 to 907; accession no. AF335324) into the KpnI/NotI sites of expression plasmid pcDNA3 (Invitrogen). The cDNA fragment was obtained by PCR amplification using human RTP801-specific primers 5Ј-GGGGTACCATGCCTAGCCTTTGG-3Ј and 5Ј-TAAAGCGGCCGCTCACAACATGTCAATGAGCAGCTG-3Ј with the added KpnI and NotI restriction sites, respectively.
The tetracycline-repressible pSHTet-RTP801 construct was prepared as follows. A rat RTP801 cDNA fragment (nucleotides 190 to 878; accession no. AF334162) was obtained by PCR amplification of template cDNA with rat RTP801-specific primers 5Ј-CCATCGATGGATTACAAGGACGACGACGAT AAGCCTAGCCTTTGG-3Ј and 5Ј-CGAAGCTTCAACACTCTTCAATG-3Ј flanked by ClaI and HindIII restriction sites, respectively. The forward primer included 30 bp coding for the Flag tag. The PCR fragment was subcloned into ClaI/HindIII sites of the pTet-Splice vector (Gibco-BRL). Then, the fragment containing Flag-RTP801 and the tetracycline-responsive element of pTet-Splice was excised by double digestion with XhoI and HindIII. The XhoI site was filled in, and the resulting blunt/HindIII insert was ligated into SmaI/HindIII sites of pSHTetSVPLA, a vector based on the pGEM3 backbone. It contains the multiple cloning site derived from pBluescript (Stratagene) and the 870-bp XhoIBamHI (filled in) fragment from pMSG (Pharmacia) subcloned into the HincII site of the polylinker. This fragment includes the intron and late polyadenylation signal of simian virus 40 t antigen.
pBluescript-rRTP801, used for the preparation of riboprobes for in situ hybridization, contained the rat RTP801 cDNA fragments encompassing nucleotides 585 to 1095 inserted into the EcoRI site.
Preparation of cDNA microarray. A cDNA microarray containing 1,847 cDNA fragments was constructed with clones from subtracted cDNA libraries derived from C6 glioma cells enriched for hypoxia-responsive mRNAs. Specifically, mRNA prepared from C6 cells cultured under hypoxic conditions (0.5% O 2, 5% CO 2 ) for 4 and 16 h was subjected to bidirectional subtraction (PCRSelect cDNA subtraction kit; Clontech) followed by cloning into pBluescript. The array also contained a set of control genes whose response to hypoxia in C6 glioma (and other cells) was documented previously. They included, e.g., VEGF, glucose transporter 1 (Glut1), and LDH.
Preparation of probes for hybridization to the cDNA microarray. Nuclei from C6 cells cultured under either normoxia (control) or hypoxia conditions (4 or 16 h) were obtained in a single fractionation procedure as previously described (33) . Total or nuclear RNA was used for the preparation of probes for microarray hybridization. Probe labeling was performed by reverse transcription using 50 g of template RNA and an oligo(dT) 18-mer as a primer. Control RNA and RNA from treated cells were labeled with Cy3-dCTP and Cy5-dCTP (Amersham), respectively. The following sets of probes were utilized for microarray hybridizations: (i) total RNA at normoxia (Cy3) and total RNA after 4 h of hypoxia (Cy5); (ii) total RNA at normoxia (Cy3) and total RNA after 16 h of hypoxia (Cy5); (iii) nuclear RNA at normoxia (Cy3) and nuclear RNA after 4 h of hypoxia (Cy5); (iv) nuclear RNA at normoxia (Cy3) and nuclear RNA after 16 h of hypoxia (Cy5). Hybridizing, washing, and scanning of the slides were performed as previously described (37) . cDNA clones displaying differential expression were sequenced, and their identities were defined.
Stable transfections. MCF7-Tet-Off and PC12-Tet-Off cells (2.5 ϫ 10 5 ; both from Clontech) were cotransfected with 2.5 g of pSHTet-RTP801 and 0.5 g of pTK-Hyg (Clontech) plasmid DNA using Lipofectamine reagent (Gibco-BRL). The empty vector was used as a control. Cells were then grown in selection medium containing 100 g of hygromycin (Roche)/ml and 1 g of tetracycline or doxocycline (Sigma)/ml. Seventy-two hours after tetracycline removal, the selected cell clones were screened for inducible expression of RTP801 by Northern blot analysis and by immunoblotting with anti-Flag antibodies (Sigma).
In vitro cell treatments and viability assays. MCF7-Tet-Off and PC12-Tet-Off parental cells and their RTP801 and control transfectants were seeded into 24-well dishes at densities of 10 4 and 3 ϫ 10 4 cells per well, respectively, in either the presence or absence of 1 g of tetracycline/ml. After 72 h of cultivation, the cells were exposed either to hypoxia (glucose-free medium; 5% CO 2 , 0.5% O 2 , 37°C), to oxidative stress (0.5 to 1 mM H 2 O 2 ), or to serum starvation (0.1% serum) for 24 h. For all assays, both differentiated and nondifferentiated PC12 cells were used. For induction of neuronal differentiation, the cells were seeded on polylysine-coated plates in the presence of nerve growth factor (50 ng/ml) and 1 g of tetracycline/ml. Each type of treatment was followed by an assessment of cell viability (neutral red uptake), cell apoptosis (APOPercentage apoptosis assay), and cell death (LDH activity in conditioned medium of treated cells).
The neutral red assay was conducted as described before (43) with neutral red dye from Sigma. All measurements were performed in triplicate at a of 540 nm.
An LDH leakage assay was performed using a cytotoxicity detection kit (Molecular Biochemicals) according to the manufacturer's protocol. LDH activity was measured at a of 492 nm. LDH release was defined as the ratio of LDH activity in the medium to LDH activity corresponding to total cell death and was expressed in percent. All measurements were performed in triplicate.
Quantitative detection of apoptotic cells was performed with the APOPercentage apoptosis assay kit (Biocolor Ltd., Belfast, Northern Ireland) according to the manufacturer's instructions. For the assay, the cells were seeded at 10 4 cells per well in a 96-well plate.
For inhibition of apoptotic death, caspase inhibitor Boc-D (OMe)-FMK (100 M; Alexis Biochemicals) was added to differentiated RTP801-expressing PC12 cells either in the presence or in the absence of 1 g of tetracycline/ml. After 72 h of cultivation, LDH activity was measured.
Assessment of apoptosis in vivo. In histological sections, apoptotic cells were detected by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL). The assay was performed using the ApopTag peroxidase in situ apoptosis detection kit (Intergen Company) according to manufacturer's protocol.
Measurement of generation of intracellular ROS. RTP801-transfected and control MCF7-Tet-Off and PC12-Tet-Off cells were seeded into 96-well dishes at densities of 10 3 and 3 ϫ 10 3 cells per well, respectively, either in the presence or in the absence of 1 g of tetracycline/ml. After 72 h of cultivation, the cells were incubated in DMEM containing 2Ј,7Ј-dichlorofluorescein (DCFH)-diacetate (10 M; Molecular Probes) for 30 min at 37°C and then were exposed either to hypoxia (glucose-free medium, 5% CO 2 , 0.5% O 2 , 37°C) or to oxidative stress (0.5 to 1 mM H 2 O 2 ) for 24 h. Cell fluorescence was determined by microplate fluorometer (excitation, 485 nm; emission, 538 nm) before and following hypoxia or H 2 O 2 treatment and normalized according to cell number.
EMSA and supershift analysis. Electrophoretic mobility shift assays (EMSA) were performed on nuclear extracts from embryonic stem (ES) cells. The extracts were prepared as described by Schreiber et al. (38) , with slight modifications. Specifically, buffers A and C contained a Complete protease inhibitor cocktail (Roche Diagnostics) and 1 mM orthovanadate. The double-stranded oligonucleotides used included (i) the HIF-1-binding site of the transferrin receptor gene (TR-HRE) promoter (30) (5Ј-CGCGAGCGTACGTGCCTCAGG-3Ј; TR-HBS), (ii) a fragment of the RTP801 promoter region (nucleotides Ϫ454 to Ϫ434 of the mouse sequence shown in Fig. 3B [5Ј-ACGTTGCGAACGTGCGCCCG G-3Ј]; RTP801-HRE), and (iii) a mutated version of oligonucleotide ii (5Ј-AC GTTGCGAACTAGTGCCCGG-3Ј, RTP801-MHRE). The binding reactions were performed as described before (45) . For supershift experiments, 1 g of monoclonal antibodies against HIF-1␣ (NB 100-105; Novus Biologicals) or control anti-Flag monoclonal antibody M5 (Sigma) was added to the reaction mixture before the addition of labeled oligonucleotides. For the binding competition experiment, unlabeled oligonucleotides were added into the reaction mixture in a 100-fold excess. The reaction mixture was incubated for 15 min at 4°C before and after addition of labeled oligonucleotides. DNA-protein complexes were analyzed in a gradient (4 to 10%) polyacrylamide gel in a Bio-Rad minigel device with 0.5ϫ Tris-borate-EDTA at 100 V and 4°C. The gel was vacuum dried and exposed to Kodak film. Visual inspection of the free probe band at the bottom of the gel confirmed that equivalent amounts of radiolabeled probe were used for all samples (data not shown).
Permanent middle cerebral artery occlusion (MCAO) stroke model. The stroke model using a spontaneously hypertensive rat strain (SHR) was prepared as previously described (26) . Experimental animals were sacrificed 0.5, 1, 2, 12, 24, 48, and 72 h after the operation (two animals per time point). The brains were removed, fixed in formalin, and embedded in paraffin, and coronal sections were prepared for further use in in situ hybridization with 35 S-UTP-labeled rat RTP801-, c-fos-, and VEGF-specific sense and antisense riboprobes.
In situ hybridization. Rat RTP801 radioactive riboprobes were produced from the pBluescript-rRTP801 vector (see above) with either T7 (antisense probe) or T3 (sense probe) as previously described (21) . In situ hybridization was performed according to a previously published protocol (12) . The exposed slides were developed in Kodak D-19 developer, fixed in Kodak fixer, and counterstained with hematoxylin-eosin. The microphotographs were taken with a Zeiss Axioscop-2 microscope equipped with a Spot RT charge-coupled device camera (Diagnostic Instruments).
Liposome preparation. Large unilamellar vesicles (LUV) were prepared by mixing N(1-(2,3-dioleoyloxy)propyl)-N,N,N-trimethylammonium chloride (DOTAP)
and cholesterol at a molar ratio of 1:1 in tert-butanol and freeze drying overnight. The lyophilized cake was hydrated with 5% dextrose and vortexed for several minutes to form large cationic multilamellar vesicles (MLV). LUV were downsized from the MLV with the LipoSofast (Avestin) extrusion system by passaging 15 times through a 0.4-m-pore-size filter and 15 times through a 0.05-m pore-size filter (Poretics), successively. The concentration of each type of lipid was 20 mM. The size of the DOTAP/cholesterol LUV cationic liposome was around 100 nm. Plasmid DNA was mixed with spermidine-free base (Sigma) at a spermidine/plasmid DNA molar ratio of 1: 6.16 in 5% dextrose. The mixture was allowed to stand at room temperature for 10 min. Then the spermidine-DNA complex was added to the DOTAP/cholesterol LUV cationic liposome at a DOTAP/DNA molar ratio of 5.2:1, and the mixture was incubated at room temperature for 10 to 15 min before use.
Nucleotide sequence accession numbers. The cDNA sequences reported in this study are in the GenBank under accession no. AF334162, AF335324, and AF335325.
RESULTS
Cloning and structural characterization of a novel hypoxiaresponsive gene. To identify hypoxia-regulated genes in rat C6 glioma cells, we employed a cDNA microarray hybridization technique. To optimize the screening process, the cDNA microarray was prepared from clones from a subtracted cDNA library from C6 glioma mRNA enriched for hypoxia-regulated genes. Moreover, to efficiently monitor the acute hypoxia-dependent changes in gene expression, the probes for the microarray analysis were derived not only from total cellular RNA but also from nuclear RNA. Early detection of transcriptional activation or suppression of stable mRNA species by total cellular RNA probes is hampered by the presence of preexisting RNA molecules. Being independent of RNA stability, nuclear RNA probes help to overcome this obstacle by reflecting only the changes in de novo RNA synthesis. The up-regulation of novel gene RTP801, detected by a nuclear RNA probe, was extremely sharp: 14-fold after 4 h of hypoxia and 37-fold after 16 h (Fig. 1A) . This prompted us to further analyze this gene.
The results of microarray hybridization were confirmed by Northern blot analysis of C6 RNA. The gene coding for RTP801 was expressed as a single mRNA species of 1.8 kb. Its response to hypoxia was much more prominent than that of the VEGF gene, a well-known hypoxia-induced gene (Fig. 1A and  B) . Sequencing the arrayed RTP801 cDNA fragment revealed that it belongs to a previously unidentified gene.
Rat RTP801 full-length cDNA was cloned from the C6 hypoxia-specific cDNA library prepared in ZAP. The human orthologue of RTP801 was identified in GenBank as a single expressed sequence tag (EST), clone 364073 (accession no. AA021122). The human and the rat cDNAs are highly homologous (85% identity), and their single ORFs code for putative proteins of 232 and 229 amino acids, respectively (expected molecular mass, 25 kDa) ( Fig. 2A) . The amino acid conservation reaches 90%. In an in vitro translation assay, both rat and human RTP801 cDNAs gave rise to protein products with an estimated size of 35 kDa according to their mobility in gels (not shown). A search of the Ensembl database indicated that the RTP801 gene is localized at human chromosome 10q24.33. H4, H16) conditions. The three probes for RTP801 and the VEGF, and TSP1 genes (used to demonstrate that the normoxic slot does not contain less RNA than the hypoxic one) were consequently hybridized to the same membrane.
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Analysis of the putative amino acid sequence of RTP801 did not reveal any known structural domains or functional motifs. Both the rat and the human proteins are leucine rich (17%) and contain conserved 9-or 10-serine stretches at their N termini. A search of the public databases revealed that RTP801 is homologous to two Drosophila melanogaster genes with unknown function, scylla (accession no. AF221110) and charybde (accession no. AF221109), which are designated in the GenBank as Hox targets. By extensive search of public mammalian EST database, we were also able to discover two overlapping mouse EST clones (accession no. AA647389 and AA472607) containing an ORF substantially similar to that of RTP801. In silico contigization of these ESTs enabled the identification of a new mouse gene product (designated RTP801L for RTP801-like) that displayed an overall 65% similarity (35% identity) to both rat and human RTP801 on the protein level. The results of contigization were confirmed by reverse transcription-PCR and the sequencing of the obtained cDNA fragment. The multiple alignment of protein sequences of human (hRTP801) and rat (rRTP801) RTP801 as well as of mouse RTP801L and Drosophila scylla and charybde protein products is shown in Fig. 2A . The four proteins are most similar at their C termini, potentially indicating the presence of a conserved domain not previously described. Within the N-terminal unique portion of RTP801, there is a cluster of negatively charged amino acids (positions 61 to 101 of rRTP801) absent from RTP801L and from both Drosophila proteins.
Low-level ubiquitous expression of RTP801 was evident by Northern blot analysis using poly(A) RNA from multiple human tissues (Fig. 2B) . The lowest expression was detected in brain, skeletal muscle, and intestine.
RTP801 is a HIF-1-responsive gene. The kinetics of RTP801 response to hypoxia as detected by microarray hybridization, resembled those of known HIF-1 targets: genes for VEGF and glycolytic enzymes. This raised the possibility that RTP801 is also a HIF-1-dependent gene. To test this hypothesis, we compared RTP801 mRNA induction by hypoxia in wild-type and HIF-1␣ Ϫ/Ϫ mouse ES cells (6) . As is evident from To further confirm the HIF-1 dependence of RTP801, we tested whether its expression can be triggered by alternative stimuli known to activate the HIF-1 response. It was recently shown that treatment of cells with H 2 O 2 is sufficient to promote HIF-1 stabilization (7). Iron chelators, e.g., diferoxamine mesylate, have also been shown to activate a hypoxia stress response pathway via HIF-1 (45) . As expected, the addition of either hydrogen peroxide or DFO to cells of various types elicited a rapid and strong up-regulation of RTP801 in parallel with the observed increase in the amount of nuclear HIF-1␣ protein (not shown).
HIF-1 stimulates transcription of its target genes by binding to a distinct nucleic acid motif, named hypoxia-responsive element (HRE). The putative regulatory regions immediately upstream to the first exons of mouse and human RTP801 orthologues were searched for the presence of an HRE(s) with the Genomatix software. A mouse genomic clone was obtained 
RTP801, A NOVEL APOPTOSIS-RELATED HIF-1 TARGET GENE 2287 from a mouse genomic phage library, while a human genomic clone containing the 5Ј flanking region of RTP801 was identified by a database search (accession no. AC006186). The HRE consensus sequence was previously described as either 5Ј-(G/ C/T)ACGTGC(G/C)-3Ј (29) or 5Ј-RCGTG-3Ј (43a). In both mouse and human DNA, three positionally conserved short HRE consensus motifs were detected within the 1,000 bp preceding the first ATG codon (Fig. 3B) . However, only one of them, starting at positions Ϫ422 and Ϫ440 of human and mouse DNA, respectively, fit the extended consensus. Several additional potential HRE sites (the short consensus) were found within the more distant upstream region, but their positions were not conserved between mouse and human DNA (not shown).
To prove the direct involvement of HIF-1 in the regulation of RTP801 transcription under hypoxic conditions, we performed EMSA with an oligonucleotide containing the extended HRE consensus sequence derived from the mouse RTP801 promoter region (nucleotides Ϫ454 to Ϫ434; Fig. 3B ) RTP801-HRE. A known HIF-1 binding oligonucleotide derived from the transferrin receptor gene promoter (TR-HRE) (30) and an RTP801-specific oligonucleotide with the mutated core HRE sequence (RTP801-MHRE) were used as positive and negative controls, respectively. As evident from Fig. 3C , addition of a 32 P-labeled TR-HRE oligonucleotide to nuclear extract of ES cells cultured under hypoxic conditions resulted in the formation of two major complexes, A and B (lane 1). Two similarly migrating complexes were formed when an RTP801-specific oligonucleotide was added to the same nuclear extract (lane 3); however formation of complex A was abolished when RTP801-MHRE was used (lane 10), indicating the dependence of complex A on the presence of HRE core sequences. Formation of complex A was also inhibited when a radiolabeled RTP801-HRE probe was added to the nuclear extract from ES cells cultured in normoxic conditions (lane 2) or to nuclear extracts from HIF-1␣ Ϫ/Ϫ ES cells regardless of whether they were maintained in normoxia or hypoxia (lanes 4 and 5, respectively). These results point out that complex A is hypoxia dependent and potentially contains HIF-1␣. The specificity of the formation of complex A on RTP801-HRE is proven by its competitive inhibition with an excess of the same nonlabeled oligonucleotide (lane 6), while competitive inhibition with an excess of cold TR-HRE (lane 7), a known HIF-1 binding sequence, further supports the suggestion that complex A formed with RTP801-HRE is HIF-1 dependent. We next performed a supershift analysis of the observed complexes using the anti-HIF-1␣ antibodies. Their addition to the binding reaction mixture with the radiolabeled RTP801-HRE resulted in a complete supershift of complex A (lane 8), whereas nonspecific anti-Flag antibodies did not influence the mobilities of any of the observed complexes (lane 9). Thus, the EMSA and supershift analysis have proven that hypoxia regulation of RTP801 is mediated via direct binding of HIF-1␣-containing transcription complexes to its promoter.
p53 is known to be stabilized by forming a physical complex with HIF-1 (2) and to mediate HIF-1-dependent hypoxia-induced delayed neuronal death (15) . Therefore, we assessed whether hypoxic regulation of RTP801 is also p53 dependent. For this, we analyzed the response of RTP801 to hypoxia in several p53-negative (SCOV3, H1299, PC3) and p53-positive (MCF7, HT1080) cell lines. The results clearly indicated that hypoxic regulation of RTP801 is preserved regardless of the p53 status of the cells. An example of p53-independent activation of RTP801 transcription by hypoxia in H1299 cells is shown in Fig. 3D . Moreover, known p53-activating stimuli, such as doxorubicin (Fig. 3D ) and UV and gamma irradiation (not shown), failed to enhance the expression of RTP801. Thus, while hypoxic regulation of RTP801 is HIF-1 dependent, it appears to be p53 independent.
The expression of RTP801 is induced in the MCAO model of stroke. We next studied whether expression of RTP801 in vivo is induced under pathological conditions that result from ischemia or are accompanied by it. For a thorough analysis, we chose a widely used rat model of stroke produced by permanent MCAO. The injury of brain tissue in stroke results from a combination of pathophysiological processes that develop both within the ischemic core and within the surrounding periinfarction area (penumbra) (11) . Coronal sections of rat brains fixed at different time points (from 30 min to 72 h) after the MCAO were hybridized with the 35 S-labeled riboprobe complement to RTP801 mRNA. A c-fos-specific probe served as a positive control for delineation of the peri-infarction area at early time points following MCAO (8, 9, 16), while a VEGFspecific probe was used as a positive control for delineation of peri-infarction ischemic areas at later time points (31) . In control brain sections, the RTP801 riboprobe produced a lowintensity signal in cells of neuronal and glial origin. The enhanced expression of RTP801 in neuronal and glial cells within the injured hemisphere was sustained at all analyzed postinsult time points although a certain spatial redistribution of the hybridization signal was observed over the time course. Soon after occlusion (0.5 to 2 h), the RTP801-specific signal was localized within distant peri-infarction areas that also displayed a prominent expression of c-fos (not shown). Expression of VEGF at this time was still not evident. Twenty-four hours after the MCAO, accumulation of RTP801 mRNA occurred in VEGF-positive areas of the injured brain ( Fig. 4A and B) . It was significant within the eosinophilic neurons at the very boundary of the ischemic core ( Fig. 4A and C) , although, in more distant cortex areas, RTP801-positive neurons looked morphologically normal (Fig. 4A and D) . At 48 and 72 h after the MCAO, the RTP801-expressing neurons did not display any evident signs of ischemic injury. In addition, expression of RTP801 could also be detected in endothelial cells within the necrotic zone (not shown). A complex expression pattern of RTP801 in the MCAO stroke model suggests that, besides hypoxia, other factors regulate its expression.
Inducible expression of RTP801 protects target cells from hypoxia-and H 2 O 2 -induced cell death via suppression of the generation of ROS. To assess the effect of acute up-regulation of RTP801 in target cells, we employed an in vitro-inducible expression system. Human epithelial breast carcinoma MCF7-Tet-Off and rat pheochromocytoma PC12-Tet-Off cells, both expressing the tetracycline-repressible transactivator (tTA), were transfected with Flag-tagged RTP801 driven by a tetracycline-responsive promoter element (TRE). Control cells were transfected with an empty vector. We isolated three clones of MCF7 cells (MCF801-8, MCF801-11, and MCF801-12) and one clone of PC12 cells (PC801-10) in which tetracy-cline-inducible exogenous RTP801 expression exceeded the hypoxic-endogenous-expression levels (Fig. 5) .
RTP801-transfected and control cells cultured either in the presence or in the absence of tetracycline for 72 h were subsequently subjected to either hypoxia (no glucose, 5% CO 2 , 0.5% O 2 ) or H 2 O 2 (0.5 to 1 mM) for an additional 24 h. After incubation, the majority of control cells displayed the shrunken morphology, became detached from the dish, and were positively stained with the APOPercentage kit dye, indicating the apoptotic nature of the ongoing cell death (not shown). In contrast, all MCF7 and PC12 cell clones expressing exogenous RTP801 were protected from apoptosis induced by hypoxia or H 2 O 2 treatment. They preserved normal morphology and remained attached to the culture dish. Quantitatively, the observed protection from apoptosis was coordinately demonstrated by measuring LDH release (Fig. 6A and C) and neutral red or APOPercentage dye uptake (not shown). After 48 h of H 2 O 2 treatment the antiapoptotic effect elicited by RTP801 expression was reduced and was completely abolished when H 2 O 2 was applied for 72 h. For hypoxia in combination with glucose deprivation, RTP801-mediated protection was stable and lasted for at least 72 h of treatment (not shown).
The proapoptotic nature of both types of applied treatments may be connected to the associated changes in generation of ROS within the target cells. Therefore, RTP801 antiapoptotic activity may stem from the potential activation of intracellular mechanisms that abolish generation of ROS. To test this hypothesis, we used the fluorescence-based detection of DCFH We concluded that preceding expression of RTP801 suppresses generation of ROS in cells exposed to H 2 O 2 and hypoxia, thus protecting them from apoptosis.
Inducible expression of RTP801 in differentiated PC12 cells promotes their apoptosis and sensitizes them to hypoxia-and H 2 O 2 -triggered cell death. The responses of cycling and nondividing differentiated cells to hypoxic stress may be different. Since up-regulation of endogenous RTP801 was observed in hypoxic neurons in vivo, we tested the influence of inducible expression of RTP801 on nondividing neuron-like differentiated PC12 cells. To promote neuronal differentiation, the cells were treated with nerve growth factor for 5 days in the presence of tetracycline. As a result, almost all the cells displayed the typical flattened morphology and outgrowth of processes. Seventy-two hours after tetracycline removal, the cells were subjected to hypoxia and glucose deprivation or H 2 O 2 treatments, and the apoptotic response was evaluated after an additional 24 h by measuring the LDH release (Fig. 6E) and neutral red uptake. Unlike dividing cells, differentiated PC12 cells expressing exogenous RTP801 were significantly more sensitive to hypoxia and H 2 O 2 than their control counterparts (Fig. 6E) . Moreover, induction of RTP801 expression by tetracycline removal was by itself sufficient to elicit the death response in these cells. Since RTP801-mediated cytotoxicity was completely abolished by addition of pan-caspase inhibitor Boc-D (OMe)-FMK (see Materials and Methods) (Fig. 6F) , we concluded that induction of RTP801 expression in differentiated PC12 cells leads to apoptosis via activation of caspases.
Differentiated PC12 cells are maintained under low-serum conditions. To test whether reduced concentration of serum may render RTP801 proapoptotic, we transferred MCF7 and nondifferentiated PC12 cells in which expression of RTP801 was induced for 72 h into the medium containing 0.1% serum. Remarkably, both MCF7 and PC12 cells that expressed exogenous RTP801 appeared much more sensitive to serum starvation than control cells (Fig. 6A and C) .
Thus, under certain conditions expression of RTP801 may be detrimental to cells. There was no influence of RTP801 on cell sensitivity to other apoptotic triggers, e.g., doxorubicin, UV irradiation, and taxol (not shown). In differentiated PC12 cells too, the sensitivity to UV irradiation did not appear to be affected by RTP801 overexpression (not shown).
Liposomal delivery of RTP801 to mouse lungs elicits apoptosis of parenchyma cells. To assess the consequences of acute overexpression of RTP801 in vivo, cationic liposomes were used for the delivery of pcDNA3-RTP801 plasmid DNA into mouse lungs. The empty pcDNA3 vector and pcDNA3-p53 expression construct served as negative and positive controls, respectively, for potential apoptotic response. Each of the three liposome complexes containing 50 g of plasmid DNA was administered to six mice intravenously. Twenty-four hours postinjection, the mice were sacrificed and their lungs were removed for further evaluation. Northern blot analysis revealed high exogenous expression of RTP801 in RNA extracted from the lungs of pCDNA3-RTP801-injected mice but not in RNA from the lungs of control mice (Fig. 7A) .
Paraffin sections of lung samples were processed for TUNEL staining. Lungs of mice injected with liposomes expressing RTP801 contained a large number of TUNEL-positive cells (Fig. 7B, lower right) . The severity of the apoptotic response was in direct correlation with the intensity of the RTP801 hybridization signal. Mice injected with the empty vector were generally TUNEL negative (Fig. 7B, lower left) . Only a few TUNEL-positive cells were evident in the lungs of mice injected with p53 liposomes (not shown).
DISCUSSION
Cellular response to hypoxia plays an important role in numerous biological processes, such as hematopoiesis (1), wound healing (36), ischemic stroke, myocardial infarction, retinopathy, and carcinogenesis (reviewed in reference 41a). Hypoxia-responsive genes may thus be important targets for the development of drugs modulating these major normal and pathological conditions. Therefore, we were interested in the identification of novel genes whose expression is altered in response to changing oxygen concentrations.
One such gene, designated RTP801, was identified by us as sharply up-regulated in C6 rat glioma cells in response to hypoxia. Its enhanced transcription in hypoxic tissues in vivo, for example, in permanent MCAO model of stroke, was also documented. Human and rat full-length cDNAs for RTP801 were cloned and found to represent a novel gene encoding a protein without any defined structural domains. A search of public databases revealed that RTP801 is homologous to two Drosophila homeobox target genes, scylla and charybde (Fig.  2A) . The homology between RTP801 and the two identified Drosophila genes is maximal within regions encoding the Cterminal regions of the associated proteins, implying that the RTP801 sequence encodes a previously uncharacterized protein domain. This suggestion is further supported by the identification of a putative RTP801-like protein, designated RTP801L, in the mammalian genome. The maximal similarity between putative proteins RTP801 and RTP801L also resides within their C termini. The pattern of expression of RTP801L in embryogenesis is different from that of RTP801 (A. Faerman and E. Feinstein, unpublished observation). Moreover, its transcription is not responsive to a reduced oxygen concentration both in vitro and in vivo (H. Kalinski, A. Faerman, and E. Feinstein, unpublished observation). Overall, the data suggest that the product of the newly cloned RTP801 cDNA belongs to a protein family not previously described that participates in various cellular processes.
The predicted ORF of RTP801 codes for a protein of 25 kDa. However, all utilized expression systems gave rise to a recombinant protein that migrated on gels with a mobility corresponding to ϳ35 kDa. This size discrepancy is unlikely to be due to posttranslational phosphorylation or glycosylation since the 35-kDa protein was detected not only in mammalian cells but also when the RTP801 ORF (from both rats and humans) was either translated in vitro or expressed in bacteria. The reason for the observed gel mobility shift is thus unclear.
Our initial experiments strongly suggested that RTP801 is a HIF-1-responsive gene, since mouse ES HIF-1␣ Ϫ/Ϫ cells failed to induce its expression in response to hypoxia. This suggestion was also supported by the presence of three evolutionarily conserved HREs in close vicinity (as judged by the position of the TATA box) to the initiation sites of both human and mouse mRNAs. Moreover, when the oligonucleotide containing one of these potential HRE elements was used in an EMSA, it promoted the formation of a specific complex (complex A in Fig. 3C ). The formation of this complex was dependent on the presence of (i) a core HRE sequence within the labeled oligonucleotide, (ii) hypoxic conditions of cell cultivation, and (iii) the presence of the HIF-1␣ gene in the genomes of the cells used for the preparation of nuclear extracts. Overall, the experimental data confirm that RTP801 is a new member of the growing family of direct HIF-1 target genes. HIF-1␣ knockout in mice leads to embryonic lethality at the late stages of fetal development (19) . Therefore, it will be interesting to evaluate the potential modifications in the RTP801 expression pattern in early, still-viable, HIF-1␣ null embryos. In addition, such an analysis will shed light on whether embryonic expression of RTP801 is regulated solely by HIF-1␣ or whether other regulatory routes (e.g., homeobox genes) are also involved.
As is evident from Fig. 3A , HIF-1␣ Ϫ/Ϫ ES cells still express the residual hypoxia-regulated levels of RTP801, potentially indicating involvement of additional transcription factors in the regulation of RTP801 expression. These may be other members of the HIF family capable of binding to the same HREs as HIF-1␣. In this regard, it is worth noting that, in the EMSA experiments, the utilized RTP801-HRE formed additional specific complexes (migrating faster than complex B) that were abolished by mutating the core HRE sequence (Fig.  3C, lane 10) . It is also possible that transcription factors belonging to other families contribute to regulation of the RTP801 gene as well. For example, we have found a conserved binding site for Egr-1 in the upstream regions of both mouse and human RTP801 orthologues (Fig. 2B) . This factor was recently demonstrated to mediate the ischemic stress induction of numerous cytokines and chemokines (44) . Egr-1 binding sites were found in the regulatory sequences of a range of genes relevant to vascular homeostasis and dysfunction (20) ; this finding may be in agreement with the observed increased expression of RTP801 in endothelial cells within the stroke core.
The potential complexity of transcriptional regulation of RTP801 is further underscored by its complex temporal and spatial expression pattern in the MCAO model. It seems conceivable that the early (30 min) peri-infarction activation of RTP801 stems not from the reduced oxygen supply but rather from the developing excitotoxicity and spreading depression. The latter is known to induce transcription of immediate-early genes (9, 16, 17) , in agreement with the observed colocalization of RTP801-and c-fos-specific hybridization signals and the absence of up-regulation of hypoxia-specific marker VEGF (31, 34) at this time point. Only later on did the RTP801 hybridization signal become spatially colocalized with that of VEGF, suggesting a hypoxia-dependent regulation.
HIF-1 has a dual role in the cellular response to hypoxia. It is an important mediator of hypoxia-induced cell death (6, 15) , and it seems to play an equally important role in mediating hypoxia-induced ischemic tolerance (3, 45) . Like HIF-1 itself, RTP801 had a dual effect on the target cells. We have demonstrated that the prior expression of RTP801 in MCF7 and PC12 cells prevented apoptosis triggered by hypoxia and no glucose or H 2 O 2 treatments via complete abolishment of the generation of ROS that would otherwise be caused by both types of treatment. It is not clear at this stage whether RTP801 has an antioxidant activity by itself or whether it somehow stimulates this adaptive response. The latter possibility seems more plausible, since (i) RTP801 does not have conserved cysteine residues, whose presence is typical for proteins with direct antioxidant activity, and (ii) its protective effect is transient. Other products of HIF-1 target genes, e.g., erythropoietin (22) and heme-oxygenase 1 (23, 24, 42) , were also shown to elicit a protective effect in target cells against similar cytotoxic stimuli. However, under other conditions tested, overexpression of RTP801 turned out to be detrimental. First, nondividing neuron-like differentiated PC12 cells were killed by the very fact of enhanced expression of RTP801 through activation of caspases (moreover, these cells became much more sensitive to hypoxia and H 2 O 2 cytotoxicity). Second, both MCF7 and PC12 cells overexpressing RTP801 died from serum starvation unlike their control counterparts. And third, the liposomal delivery of RTP801 to mouse lungs elicited a prominent apoptotic response on the target cells. The observed proapoptotic activity of RTP801 seems to be in line with the indirect correlative evidence obtained from the in situ hybridization studies of RTP801 using the MCAO model. At the brain infarct boundary in the MCAO model of stroke, the RTP801-specific mRNA was concentrated within the so-called eosinophilic, or "red," neurons, located close to the necrotic core ( Fig. 4A and C) . These cells are not shrunken, and their nuclei are not pyknotic although they contain a clumped chromatin. The pathogenesis and the fate of red neurons remain uncertain, but they are regarded as possibly representing early apoptotic neurons or neurons suffering from hypoxia (14, 35) .
Currently, the intracellular pathways affected by RTP801 overexpression are unknown. The only common feature that could be traced is that RTP801 overexpression caused the apoptosis-resistant phenotype in cycling cells and apoptosis sensitivity in growth arrested cells. Indeed, serum starvation is known to synchronize MCF7 cells in G 0 /G 1 (46) , and differentiated PC12 and lung parenchyma cells are also nondividing. The observed differences in the consequences of RTP801 overexpression in cycling and resting cells may be potentially explained by the underlying differences in their energy metabolism and demand. Specifically, the proliferative state is associated with a significant increase in aerobic glycolysis, and these cells are able to suppress phorbol myristate acetate-induced generation of ROS, probably due to increased concentrations of pyruvate, an effective ROS scavenger (4) . The fact that overproduction of RTP801 in serum-starved neuron-like PC12 cells confers their increased sensitivity to hypoxic or oxidative injury may have certain implications for stroke, where due to the lack of blood supply the brain neurons suffer not only from ischemia but also from deprivation of growth factors.
Overall, the data lead us to conclude that newly identified direct HIF-1␣ target gene RTP801 participates not only in protective HIF-1-dependent molecular pathways but also in its proapoptotic effects. Accordingly, it will be important to monitor the changes in gene expression in general and changes in the expression of pro-and antiapoptotic genes specifically following the tetracycline induction of RTP801 in cycling and arrested cells. It will also be interesting to study the response of RTP801 null and transgenic mice to ischemic injury. Experiments with transgenic mice overexpressing exogenous RTP801 in brain, retina, and heart are ongoing. We believe that further investigation of RTP801 function will lead to the opening of new avenues in the treatment of hypoxia-and ischemia-associated diseases.
